Introduction
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Quorum sensing (QS) is a mechanism of intercellular communication that allows bacterial populations to 6 0 coordinately regulate gene expression in response to changes in population density. QS is controlled by the secretion peptides, and the strain with blpSRH Hermans-1012 (Charlie BlpH clade) was strongly induced by the Echo and Foxtrot 2 0 1 signals at 65% and 71% expression of its cognate signal. While there is clear evidence for cross-induction, these 2 0 2 responses tended to be less sensitive to non-cognate peptides, with a minimum concentration required for induction of 2 0 3 between 2-500-fold greater than with the cognate signal (Fig. 4C ). By contrast, the strain with blpSRH Hermans-1012 2 0 4
(Charlie BlpH clade) was more sensitive to the non-cognate Echo and Foxtrot signals (1 ng/ml and 3.9 ng/ml) than to its 2 0 5
complementary Charlie signal (7.8 ng/ml; Fig. 4C ). The reporter strain carrying blpSRH did not respond to any 2 0 6
of the BlpC peptides, not even its cognate Delta BlpC ( Fig. 4B-C) . Interestingly, blpSRH , as well as all other 2 0 7
strains with blpH alleles in the Delta clade, contains a frameshift in the blpR gene, encoding the response regulator, thus 2 0 8
preventing expression of the full-length blpR. This probably renders the QS systems non-functional and therefore not 2 0 9
responsive to added peptide. All results were mirrored with a different set of reporter strains that used the blpT promoter 2 1 0 for the reporter cassette (Fig. S3A) . We conclude from these results that crosstalk among quorum-dependent peptide
BlpC signals is widespread and concentration dependent, with strains able to eavesdrop onto multiple signals using 2 1 2 cross-responsive receptors. Furthermore, these results are highly concordant with the patterns of co-association 2 1 3 observed in our bioinformatics survey of pneumococcal strains. Cross-induction between colonies 2 1 6
Pneumococci in the nasopharynx live in spatially structured colonies or biofilms. In order to determine if cross-2 1 7
induction could occur under these conditions, we examined interactions between neighboring colonies endogenously 2 1 8
secreting either cognate or non-cognate signals (Fig. 5) . In control assays, we first demonstrated that colonies were 2 1 9
induced by exogenous addition of peptide to the plate surface; these results were concordant with those in Figure 4B in 2 2 0 14 of 15 combinations (Fig. S3B) . Next, we measured expression of reporter strains when grown adjacent to wild-type 2 2 1 colonies that secreted BlpC peptides at endogenous levels ( Fig. 5A ). We observed a response in the reporter strains as 2 2 2 estimated by increased LacZ activity in 3 out of 6 strains, with 2 examples of induction by non-cognate BlpC signals.
3
Interestingly, when the reporter strain expressing the BlpH from Hermans-1012 was grown adjacent to its wild type 2 2 4
counterpart, there was no induction; instead this strain was induced by PMEN-14, which also produced the Charlie 2 2 5
signal. The same strain was also induced by PMEN-2, which produced the Foxtrot signal (which induces Hermans-2 2 6
1012 at a lower concentration than with its cognate signal; Fig. 4C ), and strain PMEN-18 (Golf/Hotel BlpH clade) was 2 2 7
induced by PMEN-14, which produced the Charlie signal (Fig. 5 ). This may suggest that in addition to differences in 2 2 8 the binding affinities of BlpC and BlpH, strains may also vary in the concentration of diffusible signal that they secrete, 2 2 9
at least under these experimental conditions. Consistent with our in vitro assays with synthesized peptides, these results
3 0
show that blp operon expression can be activated by crosstalk between neighboring competing colonies secreting 2 3 1 peptides at wild-type concentrations. (Table S1 ). Cells bind these secreted signals in a concentration dependent manner, at which point 
4 4
First, we observe strong benefits to eavesdropping cells that depends on the degree of cross-sensitivity, or affinity, to 2 4 5
non-cognate signals. Specifically, we found that higher affinity to non-cognate signal provides stronger ecological 2 4 6
benefits. This results from earlier potential activation (Fig. S4) single set of related signals and decreased to 0-71% with signals that the receptors were eavesdropping upon ( Fig 4B) .
1 8
This suggests that there are no 'generalist' receptors that are able to listen to multiple signals with equal affinity.
1 9
Previous research indicated that blpH alleles with more crosstalk were less sensitive to BlpC (26); however, reporter 3 2 0 strain PMEN-2, Hermans-1012, and PMEN-14 were all sensitive to their complementary signal (≤1.0 ng/ml) but show 3 2 1 extensive crosstalk (Fig. 4C) . Crosstalk was seen in previous research, specifically induction from both the Charlie 3 2 2
(signal 6A in (26)) and Foxtrot signal (signal 184 in (26)) in strains with a BlpH Charlie clade allele (6A.3 in (26)), and 3 2 3
in induction from the Charlie and Golf (signal T4 in (26)) signals with the BlpH Golf clade (T4 in (26)). These two 3 2 4
cases do require 2-7.8 times more of their own signal for minimum activation, compared to our BlpH Alpha clade and 3 2 5
BlpH Foxtrot clade strains; this finding does supports a trade-off between signal sensitivity and specificity (26) but not 3 2 6
to the exclusion of crosstalk. Overall, our experimental evidence supports extensive crosstalk and eavesdropping in the 3 2 7
blp QS system.
2 8
What are the potential consequences of crosstalk and eavesdropping? The result of crosstalk could be to 3 2 9 manipulate other, non-clonal, strains into inducing their QS system at lower densities, thereby causing competing Strains and plasmids used in this study are listed in Table S2 .
Constructs for expression of blpSRH from different strains in S. pneumoniae D39.
1 2
The blpSRH genes, including the constitutive blpS-promoter (21), was amplified from the genome of S.
1 3
pneumoniae strains D39, PMEN-18 and Hermans-1012 using primers blpS-F-ClaI-SphI and blpH-R-Hermans-1012-
1 4
NotI-SpeI, from PMEN-2, using primers blpS-up-F-PMEN2-SphI and blpS-down-R-PMEN2-SpeI-NotI from PMEN14 4 1 5
with primers BlpS-PMEN14-F-SphI and BlpH-R-Hermans-1012-NotI-SpeI and from Hermans-33 with primers blpS-F-
1 6
ClaI-SphI and blpH-Hermans33/35-R-NotI-SpeI. The PCR products were digested with SphI and NotI and ligated into 4 1 7
the corresponding sites of plasmid pJWV25 (between the bgaA homology regions) and transformed into E. coli DH5α.
1 8
The resulting plasmids were verified by PCR and sequencing. The plasmids were then transformed into S. pneumoniae.
1 9
Correct integration of the P blpS -blpSRH constructs into the non-essential bgaA-locus was verified by PCR. Primers used 4 2 0 for these constructs are listed in Table S3 . 
2 3
The native blp-regulatory genes (blpS, blpR, blpH, blpC) of S. pneumoniae D39 were deleted by replacement 4 2 4
with an erythromycin-resistance cassette as described previously (21).
2 5 2 6
Reporter constructs 4 2 7
Two different blp promoters were used to monitor blp-expression; P blpK , controlling expression of the bacteriocin 4 2 8 blpK and P blpT , controlling expression of the functionally uncharacterized gene blpT. The P blpK and P blpT promoters have 6(August):33101. 
